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A study by microdissection and micropuncture of the structure
and function of the kidneys and nephrons of rats with chronic
renal damage, Individual nephrons were studied by micro-
dissection and micropuncture in rats three to four weeks after
subcutaneous injection of K2Cr2O7 and HgCI2 for comparison
with clearances and tubular transport maximums (Tms) that
represented the total activity of the kidney from which they
were obtained. At the time of the experiments the acute renal
lesions of necrosis had been replaced by regenerative processes
of repair. This model has no exact clinical analogy but the
structural changes in individual nephrons are similar to those
observed in nephrons of humans with chronic renal disease.
The kidneys were irregularly and greatly enlarged; in histologic
sections there were moderate glomerular and extensive tubular
changes. Microdissection demonstrated the renal lesion to be a
combination of regressive changes (atrophy, fatty depositions)
in some proximal convolutions, progressive reactions (hyper-
plasia, hypertrophy) in others or more frequently a combination
of these alterations in single structural segments (the proximal
convolutions) of individual nephrons. Glomerular filtration
rates (GFR) in the damaged kidneys ranged from the highest to
less than the lowest of normal control values but were lower
when calculated per gram of kidney weight. Since TmPAH was
normal, TmPAH:GFR was increased, indicating functional
tubular predominance, correlating closely with the evidence by
microdissection of morphological tubular hyperplastic pre-
dominance in the abnormal kidney. There was marked hetero-
geneity of individual nephron GFR but proximal fractional
reabsorption was the same as in control nephrons, indicating
that rates of reabsorption were also more variable than normal
but appropriate for the rate of filtration. Tubular fluid transit
times were markedly more variable than in normal animals yet
correlated closely with morphological changes demonstrated by
rnicrodissection in the same nephrons on which the determina-
tion had been made. Microinjection indicated that the repaired
abnormal tubules were impermeable to inulin. These results
demonstrate a close correlation between the heterogeneity of
structure and function at the level of the individual nephrons
and, therefore, in their totality as they constitute the kidneys of
rats with chronic renal damage. Although the rates of physio-
logical processes showed marked diversity, proximal fractional
reabsorption of salt and water was appropriate for the rate of
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filtration in individual nephrons and, thus, is evidence of the
adaptive compensations which constitute the phenomena of
chronic renal disease.
Étude par microdissection et microponction de Ia structure et de
Ia fonction des reins et des nephrons de rats atteints de lesions
rénales chroniques. Les néphrons individuels ont été étudiés par
microdissection et microponction chez des rats trois a quatre
semaines aprés l'injection s.c. de K2Cr2O7 et HgCl2 et les
résultats ont été compares a ceux des clearances et des Tm qui
représentent l'activité totale du rein auquel ils appartiennent. Au
moment de l'expérience les lesions rénales aigues de nécrose
avaient fait place a un processus regénératif de reparation. Ce
modèle n'a pas d'analogue clinique mais les modifications
structurales observées dans les néphrons individuels sont
semblables a celles des néphrons humains dans les maladies
rénales chroniques. Les reins étaient irreguliers et leurs volumes
nettemerit augmentés; l'examen histologique montrait des
modifications glomerulaires modérées et des modifications
tubulaires importantes. La microdissection a montré que Ia
lesion rénale est une association de modifications degeneratives
(atrophie, depOts graisseux) dans certaines circonvolutions
proximales et de modifications régénératives (hyperplasie, hyper-
trophie) dans d'autres, ou, encore plus souvent, une combinaison
de ces deux types d'altérations dans un méme segment (circon-
volution proximale) d'un même néphron. Le debit de filtration
(GFR) dans les reins lésés vane de Ia valeur Ia plus élevée
observée chez les témoins a des valeurs inférieures aux plus
basses des témoins; cependant il est inférieur ala valeur calculée
par gramme de rein pour les témoins. Du fait que TmPAH est
normal, TmPAH:GFR est augmenté, cc qui indique une pré-
dominance de Ia fonction tubulaire, et cc qui est bien corrélé a Ia
constatation par microdissection d'une predominance d'hyper-
plasie tubulaire morphologique dans Ic rein lésé. L'hétérogénéité
des debits de filtration glomerulaire des néphrons individuels est
grande mais Ia reabsorption proximale fractionelle est Ia méme
que chez les contrOles, cc qui indique que les debits de réabsorp-
tion sont plus variables que chez Ic normal mais appropriés aux
debits de filtration. Les temps de transit tubulaire sont nette-
ment plus variables que chez les témoins mais nettement
corrélés avec les modifications morphologiques, vérifiées par
microdissection des néphrons sur lesquels les determinations ont
été faites. Les microinjections ont montré que les tubules
anormaux régénérés sont imperméables a l'inuline. Ces résultats
montrent une correlation étroite entre l'hetérogénéité de
structure et Ia fonction a l'échelle des néphrons individuels et,
Introduction
In previous studies we have reported the structural
and functional changes that follow the administration
of the nephrotoxic agents potassium dichromate and
mercuric chloride [1—3]. The course of these alterations
from acute necrosis to reparative regeneration of
tubular damage was followed to the seventh day, a
time at which renal function was significantly re-
stored and at which time the process of structural
restitution, though well in progress, was still recog-
nizable as incomplete by the immaturity of its cellular
components. Moreover, in response to the regressive
damage that had occurred in one-half of the proximal
convolution, there was structural and functional
evidence of adaptive progressive compensation in that
portion of the convolution which had escaped the
most severe damage due to the differential selectivity
of the poison. With the hope that some modification
of the experimental procedure might result in an
exaggeration and a prolongation of these progressive
aspects of the renal lesion, and that their continuing
evolution might produce a "model kidney" more
nearly resembling that which is seen in human
chronic renal disease, the following preliminary
experiments were devised.
An appropriate dosage of the two renal toxic agents
(potassium dichromate and mercuric chloride) pro-
duces a selective necrosis in the proximal convolution
which has been localized by microdissection [1]; with
the former agent the epithelium of the first half of the
convolution (pars convoluta) is destroyed, and with
the latter the terminal pars recta. Micropuncture has
shown that differential and correlated functional
changes are the result [3].
Although the demarcation of the typical tubular
lesion of a total epithelial necrosis with a bare base-
ment membrane is remarkably sharp in the two
locations, it cannot be supposed that other tubular
cells of the nephron, exposed as they are to the presence
of toxic metals both in the fluid of their lumens and in
the blood stream which surrounds them, are not
affected to some degree. Gritzka and Trump [4]
have, indeed, described such alterations by electron
microscopy. With this in mind, it was decided to
inject the animals with both renal poisons in reduced
dosage on the supposition that the entire convolution
might thus be visibly affected and that regeneration
and other progressive reparative processes would con-
sequently be modified by a general damage to the
entire convolution. Rats were therefore given sub-
cutaneous injections at a somewhat lesser dosage than
in the acute experiments previously described [I] and
killed on the third day.
In their gross appearance no very remarkable
difference was observed in the kidneys from what had
been seen following injection of either metal alone.
Microdissection, however, showed a marked variety
in the acute cellular damage to the proximal con-
volutions. Fig. 1 shows camera lucida tracings of
silhouettes of a random sampling of nephrons from a
typical kidney with the necrotic areas indicated in
black. The lesions of the two toxic agents, (the effect of
dichromate in the pars convoluta and of mercuric
chloride in the pars recta) were clearly evident, but
never in a combination that involved the entire con-
volution; necrosis had occurred rather in irregularly
distributed isolated and limited stretches of the entire
convolution from glomerulus to its tip. Between these
patches of dead cells and bare basement membrane,
surviving cells were visible as indicated by their
intact nuclei, although their cytoplasm showed various
evidences of "cloudy swelling" and mitochrondrial
disturbance. In summary, the nature of the cellular
lesions in the nephrons at three days was similar to
that produced in the acute experiments of our earlier
study, but with a scattered distribution and in varying
intensity throughout the entire proximal convolution
of all the nephrons. No nephron could be found
which had escaped some damage and each nephron
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de ce fait, dans leur totalité puisqu'ils constituent les reins des
rats atteints de lesions chroniques. Bien que l'intensité des
processus physiologiques soit d'une grande diversité, Ia rCab-
sorption proximale d'eau et de sd est en rapport avec Ia filtration
glomerulaire des nCphrons individuels et ainsi est obtenue Ia
preuve des adaptations compensatrices qui constitucnt Ic
phénomène d'insuffisance rénale chronique.
Table of contents
1, Introduction 148
Ii. ttlerhods 150
III. Results 151
A. Observations on the kidney 151
1. Structural changes 151
a. In vivo appearance 152
b. Kidney weight and chemical composition . 153
2. Functional alterations 1 54
a. General homeostatic regulation of body fluids 154
b. Kidney filtration rate (GFR) 155
c. Glomerulotubular balance for PAH . . . . 155
13. Observations on the nephrons I 57
1. Structural changes 157
a. Patterns of nephronic heterogeneity . . . . 157
b. Nephronic dimensions 158
2. Functional alterations I 59
a. Transit times 159
b. Single nephron glomerular filtration rates
(SNGFR) 161
c. Tubular reabsorption of water 162
C. Post scriptuni 164
IV. Discussion 164
Chronically damaged rat kidneys and nephrons 149
Fig. 1. Camera lucida tracings of silhouettes of a random sampling of nephrons from a kidney three days following the administration of both
dichromate and sublimate. The necrotic areas are indicated in black.
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differed from the others in the distribution and in the
extent of its individual lesions.
In the experiments to be described, animals were
allowed to live for approximately 28 days (a period
when the acute functional and structural damage
following the administration of a single toxic agent is
largely repaired) and then subjected to experimental
procedures such as the conventional tests of blood,
urine and clearances as indicators of the functional
activity of the entire kidney and various forms of
rnicropuncture to determine the functional changes in
individual nephrons in the same kidney. Micro-
dissection and staining of the damaged nephrons
combined with a study of histological sections of the
kidney from which they had been derived afforded
correlative information concerning both the structural
status of altered nephrons and the disturbed archi-
tectural pattern of the chronically affected kidney.
Our findings can, therefore, be reported as observed
data for the analysis of the status of the abnormal
kidney in terms of its altered nephrons.
Methods
Male Wistar rats, 270 to 300 g in body weight (BW),
were injected subcutaneously in the inguinal regions
with approximately 1.5 rng of potassium dichromate
(K2Cr2O7) and 0.5 mg of mercuric chloride (HgCI2)
per 100 g of BW as solutions in distilled water.
The animals were returned to their cages and allowed
free access to food and water. BW and physical status
were observed periodically. Experiments were carried
out three to four weeks following the administration of
the nephrotoxins. Twelve hours prior to experimenta-
tion a rat was placed in a metabolic cage with access to
water, and urine was collected for volume, protein and
glucose determinations. Normal control animals and
rats previously injected with the renal poisons were
anesthetized by intraperitoneal injection of 50 and
40 mg per kg of BW, respectively, of sodium pento-
barbital. Following a tracheostomy, the left kidney
was exposed through an abdominal incision for
niicropuncture as previously described [5]. Each rat
was given 2 ml of isotonic saline intravenously during
the surgical procedure to replace fluid losses. Cathe-
ters, of polyethylene tubing (P.E. 10) unless otherwise
stated, were placed in both ureters as close as possible
to the renal pelvis for urine collections, into the left
jugular vein for administration of fluids, and into the
right carotid artery for blood sampling.
Micropuncture experiments. A priming dose of
27 sCi of inulin-methoxy 3H (New England Nuclear
Corp., Boston, Mass.) in 0.135 ml of isotonic saline
was followed by a constant intravenous infusion of
40 PCi/hr of inulin-3H in 0.9% saline solution at a
rate of 0.0079 mI/mm. A one-hour equilibration
period elapsed before micropuncture was started.
Prior to each puncture, the transit time of tubular
fluid through several proximal convolutions and loops
of Henle was measured with lissamine green as
previously described [6]. Proximal tubules were
punctured with sharpened pipettes filled with mineral
oil stained with Sudan black. A small oil droplet was
injected into the tubular lumen in order to evaluate
the position of the tip. If the pipette tip was properly
positioned, the tubular lumen was blocked by the
injection of an oil column approximately three to four
times the tubular diameter in length. The rate of
collection of tubular fluid was adjusted so as to main-
tain the oil block near the tip of the pipette and to
avoid visible disturbances of the tubular walls.
Collection times averaged 23 12 mm. The tubular
fluid samples were transferred to constant bore
capillary tubing and the volume of tubular fluid
estimated with an eyepiece micrometer [7]. The
samples were then discharged into counting vials con-
taining 10 ml of a scintillation solution composed of
200 ml of Triton X-lOO (Packard Instrument Coii-
pany), 800 ml of toluene and 4 g of Omnifluor (New
England Nuclear Corporation) per liter. One-half
gram of silicon dioxide gel (Cab-O-Sil, Godfrey
Cabot) was added to each vial in order to prevent
settling of the isotopes. The same procedure in dupli-
cate was applied to aliquots of plasma and urine
collected at appropriate intervals. Radioactivity levels
were measured as previously described in a three-
channel liquid scintillation spectrometer with external
standardization for quench correction [7]. Plasma
inulin concentrations were not corrected for plasma
water content. At the end of the experiment, a solution
of l0 nigrosin in distilled water was injected into
each micropunctured tubule to identify it and to
facilitate the determination by microdissection of the
site of puncture.
Microinjection experiments. In five rats with
damaged kidneys a 20 mannitol solution in 0.9°/b
saline solution was infused i.v. at a rate of 100 to
200 s1/min to produce a urine flow of approximately
100 d/min/kidney. The preparation of these animals
was as already described except that the ureters were
catheterized with P.E. 50 tubing with an approximate
dead space of 50 d. The rate of urine flow was calcu-
lated from the weight of a urine drop and the observed
drop rate. A solution containing inulin-3H in 0.9%
saline (200 Ci/ml) and stained with nigrosin was
microinjected with a calibrated micropipette into
proximal convolutions. The injection rate was ad-
justed to avoid retrograde flow and visible tubular
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dilatation. Urine was collected in counting vials during
ten 30-second, three 60-second and one 120-second
collection periods from the left kidney and during five
120-second collections from the right kidney and
measured for radioactivity levels. The transit time for
inulin from the site of injection to the renal pelvis was
calculated as previously described [8].
TmPAH experiments. To determine the transfer
maximum of para-aminohippurate (TmPAH) and the
TmPAH:GFR ratio, experimental and control rats
were given during a five-minute period an intravenous
priming dose of 1 ml of isotonic saline solution con-
taining 50 Ci of inulin-'4C, 600 Ci of PAI-I-3H
(New England Nuclear Corp.) and 20 mg sodium
p-aminohippurate. This was followed by a sustaining
solution containing 50 iCi/ml of inulin-'4C, 450 tCi/
ml of PAH-3H and 26 mg/mI of PAH infused at a con-
stant rate of 0.076 mI/mm. A one-hour equilibration
period elapsed before starting four or five twenty-
minute clearance periods. The plasma and urinary
concentrations of PAH were calculated from the
specific activity of the infused PAH solution. TmPAH
was calculated in the conventional fashion.
Other analytic procedures. Dry kidney weight was
measured after drying the kidney in an oven at 98° to
100° C for 72 hours. Nitrogen content of the fat-
extracted, dried kidney was measured on the auto-
analyzer (Technicon) using a slight modification [9] of
the classical Kjeldahl procedure. The protein content
was calculated from the total nitrogen concentration
by multiplying by a factor of 6.25. Various blood
chemical determinations were also performed on the
autoanalyzer. Hematocrit was determined on whole
blood collected in heparinized capillary tubing and
centrifuged at 12,000 rpm for five minutes. Protein and
glucose concentrations in urine were estimated using
reagent strips (Combistix, Ames). Estimates of I +, 2 +
and 3+ correspond to nominal concentrations of 30,
100 and 300 mg/l00 ml, respectively.
Student's t test was employed for evaluation of
statistical significance. Values are presented as means
1 SD.
Microdissection of the nephrons of the experimental
and normal kidneys was performed after fixation for
at least one month in l0% formaldehyde solution.
The details of the critical importance of the maceration
in HCI at constant temperature and time period have
been fully described elsewhere [10]. The isolated
nephron was then arranged on a microscope slide sub-
merged in water under the microscope in such a man-
ner that the coils of its originally tightly compressed
nephronic packet could be opened to inspection [11];
it was then outlined by camera lucida tracing made at
appropriate magnifications. Direct measurements of
the various dimensions were done on the anatomical
specimen with a filar micrometer; in the case of the
proximal convolution, its diameter as the mean of ten
measurements taken at different levels, and its length
as obtained by a map tracer from the camera lucida
tracing. The particular difficulties and the limitations
which arose in measurement of the abnormal nephrons
will be noted later.
A routine stain of the dissected nephron by a modi-
fied iron hematoxylin procedure [10] revealed the
cellular detail in both nuclei and cytoplasm (mito-
chondrial elements, and various inclusions, such as fat
and other "droplets"). Each punctured tubule that
was used as a source of experimental data was rou-
tinely examined by microdissection and staining as has
been described in order to determine whether success-
ful sampling had been made, its position identified by
measurement and the nature of whatever structural
abnormality might be present either above or below its
site. As will become apparent, no useful purpose
would have been served by a blind sampling of our
material. The microphotographs which illustrate
structural detail are of intact dissected specimens and
were not formed by the assemblage of fragments.
Both punctured and unpunctured kidneys were pre-
pared for histological sections; after fixation in
formaldehyde solution, they were stained with hema-
toxylin-eosin or iron hematoxylin.
Results
The first week following injection of the renal
poisons, the rats appeared very ill, lost weight and
were oliguric. The mortality was 30 to 50% during this
time. Surviving animals, hereafter called experimental
rats, appeared to recover during the second week and
seemed "healthy" 15 to 18 days after the injections.
Meanwhile, their body weights increased towards, or
attained the normal value for, their age group.
Morphological and functional studies were per-
formed 21 to 28 days following the administration of
the nephrotoxins. At this time chemical determinations
on plasma and urine of control and experimental rats
differed markedly only for plasma urea nitrogen and
urinary protein concentration (Table 1). In experi-
mental rats the urea nitrogen concentration averaged
30 mg/lOO ml, significantly higher than in controls
(average: 17 mg/lOO ml). A few experimental animals
had slight hyperchloremic acidosis. Protein was present
in significant amounts in the urine of experimental rats
only. Glycosuria, which was prominent three days
after injection of dichromate or sublimate, was absent.
A) Observations on the kidney. 1) Structural changes.
The most striking change in the kidney was its marked
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Table 1. Plasma and urine determinations in normal and experimental rats°
Control rats N Experimental rats N
Plasma
Urea nitrogen, mg/100 ,nlb 17.4± 6.2 17 30.2±12.6 32
Sodium, mEq/liter 139.3±2.2 4 140.5 21
Potassium, mEq/liter 5.0±0.05 4 5.2±0.5 21
Chloride, mEq/liter 104.3±2.9 3 105.6± 1.7 15
Bicarbonate, mEq/liter 23.4± 1.9 4 21.3±4.0 21
Calcium, mg/IOU ml 8.7±0.5 4 8.5±0.6 17
Phosphate, mg/lOOm! 8.8± 1.4 4 8.5±1.5 16
Glucose, mg/lOU ml 145.5±22.6 4 149.1±29.1 17
Proteins, g/lOOml 5.5±0.8 4 5.9±0.6 21
Albumin, g/100 ml 2.7±0.7 4 2.3±0.6 20
1-lematocrit, %° 44.5± 2.7 3 43.9± 3.3 15
Urine
Protein 0 or trace 10 1
+ 2 24
++ 0 8
+++ 0 2
Glucose 0 12 34
Trace 0 1
Mean values so and number of determinations (N)are presented in this and subsequent tables.
b Level of statistical significance was 1% for urea nitrogen values. No significant difference was
found for the other plasma determinations.
Determined on whole blood. Mean values SD.
increase in size; equally impressive was the variation of
this increase in different experimental animals. The
weight of both kidneys as compared to body weight is
shown in Table 2 and Fig. 2 where the increase in KW
relative to BW varies from 1.4 to 6.0 times that ob-
served in the normal controls. The latter showed their
normal growth increment during the experimental
period.
The appearance of these enlarged abnormal kidneys
is best described as they appeared both grossly and
microscopically in the living animal at the time of
micropuncture. Their general color was not greatly
different from normal, being of a somewhat darker
brownish hue. Their surface was rarely smooth, as in
the control animals, but presented a coarsely granular
appearance with darker spots in irregular areas where
Table 2. Body (BW) and wet weight of both kidneys (KW) in
control and experimental rats
Damaged•
Control X
S
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Fig. 2. Body and kidney weights of control and experimental rats.
Control
rats, N= 20
Experimental
rats, N= 36
P
BW,g 326±46 329±29 NS
KW, g 2.45±0.30 4.87± 1.56 <0.001
left KW, ga 1.24±0.15 2.48±0.82 <0.001
right KW,ga 1.21±0.15 2.39±0.74 <0.001
KW:BW ratio, % 0.76±0.09 1.50±0.47 <0.001
The left KW varied significantly from the right KW in control
(P<0.02) and in injected rats (P<O.001); as determined by the
paired variates t test.
Chronically damaged rat kidneys and nephrons 153
surface tubular configurations could not be clearly
seen.
There was an irregular thickening of the renal cap-
sule, at times so opaque as to obscure tubular detail,
and capsular vascularization was exaggerated, so that
the vessels appeared more numerous and larger. The
pattern of surface coils of the proximal convolutions
was greatly altered; their diameters, so evenly con-
toured in the normal kidney, were either greatly and
irregularly dilated or reduced to narrow channels. The
more dilated coils at times contained a dark material
which prevented or delayed subsequent removal or
injection of fluid by puncture with a micropipette. The
narrower distal convolutions were difficult to identify
in this general tubular distortion, and in some small
areas no tubular structures could be seen on the kidney
surface. In the more opaque areas minute, bright,
white flakes could occasionally be seen in the tubule
walls; these were later identified in histological sections
as bits of calcific material. Despite these severe changes
in the parenchymal structures the general capillary
blood flow as seen in superficial vessels was brisk,
appeared normally adequate, and in some areas even
excessive.
Histological sections of these kidneys passing in a
coronal direction through the papilla showed an ex-
treme disruption of the architectural pattern of the
kidney. The symmetrical configurations of the normal
kidney of radiating collecting ducts, the zones of Peter
of the subcortical region, the medullary rays and the
sharp demarcation of cortical tissue at the juxta-
medullary junction all were blended and confused,
chiefly by tubular distortion but also by intertubular
scarring in which there was an infiltration with typical
inflammatory monocytic "round cells." Many of the
tubular cross-sections in the cortex and in the outer
medulla could still be recognized as proximal con-
volutions; they were enlarged up to two or four times
their normal diameter, with thick walls in which a
hyperplastic epithelium had produced several layers of
cells. Such epithelia were in general of an immature
regenerative type, with large vesicular nuclei, the
chromatin of which was strongly basophilic. The
lumens of the tubules were either in part obliterated by
the cellular proliferation or, contrariwise, so greatly
dilated as to appear in section as cyst-like cavities. The
cytoplasm of their cells, also faintly basophilic, con-
tained scattered mitochondrial material, but rarely
could the definite well-defined "rodlets" typical of the
original cells be seen.
Adjacent to such cross-sections were others which
from their position also appeared to be proximal con-
volutions but which were narrowed in diameter; the
nondescript appearance of their flattened epithelium
did not allow exact identification from what may have
been compressed distal convolutions, connecting
tubules or cortical portions of ascending limbs of
Henle's loop.
In contrast to this generalized tubular distortion was
the relative preservation of the normal structural
characteristics of the glomeruli. In general, they ap-
peared only moderately involved save for some com-
pression of those which lay in the denser areas of
tubular enlargement or intertubular scarring, where
there was observed a moderate thickening of their
external capsules. The tufts appeared essentially well
preserved; there was no great increase in intratuftal
connective tissue, their capillaries were clearly visible,
and the capsular space, although at times somewhat
dilated, was empty. The typical "crescents" or other
evidence resembling the "glomerulitis" of human renal
disease were never seen.
As noted previously, the generalized tubular dis-
tortion had so destroyed the normal architectural pat-
tern of the kidney that its usual topographical regions
were obscured or even obliterated; cortex, juxtamedul-
lary region and the medullary zones of Peter were
fused into an indeterminate blending of their usual
clear-cut boundaries. In contrast, the inner zone of the
medulla and the papilla were relatively well preserved,
and the larger collecting ducts were essentially normal
except for the rather frequent appearance of clear hya-
line casts in their lumens.
in marked contrast to the previous experiments per-
formed three to seven days after the administration of
either dichromate or sublimate was the clearing of
tubule lumens from glomerulus to the ducts of Bellini
of the cellular debris which had caused tubular ob-
struction to be a significant factor in the earlier renal
lesion [3].
The vascular apparatus of the kidney was not
greatly affected; arteries and veins were not signifi-
cantly thickened, although they at times were sur-
rounded by fibrous scarring which radiated outward
through the renal parenchyma.
Kidney weight and composition. In our control rats
the combined weight of the two kidneys was always
less than 3 g, whereas it always exceeded 3 g in rats
recovering from the effects of the renal poisons (Fig. 2).
This difference did not result from differences in age,
food intake or body weights of the experimental and
control animals.
Enlargement of the kidney in human chronic renal
disease with subsequent "contraction" was a classic
subject of discussion and controversy among early
investigators; "large (white or variegated) kidneys"
were held to be due to "infiltrations" or accumulations
within the kidney of various abnormal constituents.
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Table 3. Weight and composition
kidneys0
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of normal and damaged
Control
rats, N= 11
Experimental
rats, N=12
P
WKW, g 1.20±0.23 2.24±0.59 <0.001
DKW, g 0.29 0.46±0.06 <0.001
WKW/DKW 4.23 0.47 4.84 0.68 <0.05
Water, % 76.1±2.1 78.9±3.5 <0.05
Fat, °/ 12.8±2.1 13,3±1.2 NS
Protein, 0/b 85.9±4.4 84.3±2.3 NS
WKW=wet kidney weight; DKW=drya Mean values
kidney weight.
0 Fat and protein content as percent of DKW. Determinations
were done on the right kidneys; the contralateral kidneys
were used for morphological examination.
consistent with hyperplastic growth of the renal tissues
and excludes accumulation of water (edema) or fat
(fatty infiltration) as possible explanations for the
abnormal enlargement of the kidneys.
2) Functional alterations. As already noted one-
third to one-half of the experimental animals died
within one week, apparently of "acute renal failure."
Although the survivors appeared to be healthy three
weeks later, two "clinical" findings, moderate eleva-
tion of blood urea nitrogen and proteinuria, indicated
the persistence of a renal lesion. These evidences of a
renal status resembling the latent periods of chronic
human renal disease were further examined during the
experiments by micropuncture and by the standard
physiological tests of glomerular and tubular function.
Therefore, the composition of the renal tissues in our
experiments at the height of enlargements was deter-
mined in 12 experimental and 11 control rats (Table 3).
Both wet and dry kidney weights were much greater
in experimental animals. The water content of
damaged kidneys was slightly (3%) higher, but fat and
protein content were identical to that of control
kidneys.
Thus, it may be concluded that the marked increase
in kidney mass three to four weeks following the in-
jections resulted from a normally proportional in-
crease in water, fat and protein content. This is
Table 4. Kidney function in normal and experimental rats during
micropuncturca
Control
rats, N= 8
Experimental
rats, N= 15
P
Urine flow,
.ol/min/IOOgofBW 1.0±0.3 1.2±0.9 NS
U/P inulin 558± 199 324± 199 <0,001
GFR,
mi/mm ]OOgofBW 1.04±0.19 0.71 <0.02
GFR,
mi/rn/n g of KW 1.29 0.38 0,49± 0.35 <0.001
a Mean values sn.
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Kidney filtration rate. Intratubular microinjection of
inulin-3H demonstrated (vide infra) that the tubular
epithelium of the damaged nephrons was impermeable
to inulin, validating its use for measuring net water
movement at the glomerulus and in the tubules of rats
injected with the two toxic agents.
During micropuncture experiments in 15 experi-
mental rats, the kidney glomerular filtration rate
(GFR) ranged from 0.35 to 1.01 and averaged 0.7
ml/min/100 g of BW, significantly less than the average
of 1.04 ml/min in 8 control rats (Table 4). The differ-
ence between experimental and control rats was much
greater when GFR was calculated per gram of KW and
averaged 0.49 and 1.29 mI/mm, respectively. An in-
________________________________________
verse relationship between KW and GFR/g of KW in
the damaged kidneys is apparent in Fig. 3. Obviously,
GFR/g of KW was much less than in normal kidneys.
The rate of urine flow was the same during the
micropuncture experiments in the control and experi-
mental rats despite the decrease in GFR in the latter
animals. This resulted from a decrease of approxi-
mately 40% in the fractional reabsorption of water.
Glomerulotuhular balance for PAH. The tubular
transport maximum for para-aminohippurate
(TmPAH) was determined in another group of nine
experimental and seven control rats (Table 5 and
Fig. 4). The same structural changes were demonstrated
in the nephrons by microdissection in these damaged
kidneys as in the animals studied by micropuncture.
Moreover, the average values for GFR in the two
groups (Table 5) were almost identical to those found
in similar animals during micropuncture (Table 4).
Although GFR was less, TmPAH was the same in
experimental and control rats and TmPAH:GFR
averaged 0.48 and 0.34, respectively, a difference
which is significant at the 2% level. As will be seen,
this shift towards functional tubular predominance
correlates closely with the evidence by microdissection
Table 5. PAH transport in normal and damaged kidneysa
Fig. 4. GFR, TmPAH and TmPAH/GFR ratios in nine experi..
mental and seven control rats. The mean 1 SD of the control
values are indicated by the horizontal line and shaded area,
respectively.
0
1.5 -
1.0 -
0.5 -
GFR,
ini/min/lOOg of BW
0
0
riD
.
Experimental rats
Control rats o
.
S
. .
10
Control
rats N=7
Experimental
rats N=9
P
BW, g 340 45 345 32 NS
KW, g 2.97±0.16 6.98±2.06 <0.001
Urine flow,
pJ/min/IOOgofBW 8±3 9±3 NS
GFR,
ml/min/100 go! BW 1.06 0.13 0.68 0.26 <0.005
TmPAH,
mg/min/100 g of BW 0.35 0.10 0.31 0.10 NS
TmPAH:GFR 0.34± 0.07 0.48 0.12 <0.02
Mean values SD.
4 6
Kidney weight, g
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V
Fig. 5. Camera lucida tracings of silhouettes of a random sampling of nephrons from a characteristic experimental kidney at 28 clays. Oil is
present in the lumen of the three nephrons studied by micropuncture; sites of puncture are indicated by the pointers.
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of morphological tubular hyperplastic predominance
following injection of the two renal poisons.
B) Observations on the nephrons. 1) Structural
changes. The most striking structural feature of these
late experiments after injection of the two toxic agents
was the extreme heterogeneity of the nephronic pattern
of the abnormal kidneys. As contrasted to the original
normal kidney, where each nephron resembles its
neighbor both in general configuration and in its
various dimensions, no abnormal nephron from the
damaged kidneys when examined in its entirety was
similar to another. As compared to the damaged
nephrons of our earlier experiments three days follow-
ing injection of a single toxic agent (either mercury or
dichromate), in which the proximal convolution of
every nephron showed a similar location and an extent
of necrosis directly proportional to its length, and,
thus, a kidney with a homogeneous population of ab-
normal nephrons, these late kidneys in which at-
tempted restitution was occurring showed what must
be considered an absolute heterogeneity of nephronic
configuration. In Fig. 5 the camera lucida silhouettes
of six nephrons selected at random from a charac-
teristic kidney at 28 days illustrate this heterogeneity.
The other general difference observed in the ne-
phrons of the kidney at 28 days was the disappearance
of the acute regressive change (necrosis) that was
prominent in their proximal convolutions at 3 days;
the former areas of bare basement membrane (Fig. 1)
were now covered with a regenerated epithelium which,
if not entirely typical of its original cells in regard to its
intracellular components, completely lines a lumen
which was free of the excessive cellular detritus and
debris so commonly seen in the earlier periods.
Patterns of nephronic heterogeneity. As the early re-
gressive change in the nephrons following administra-
tion of both renal poisons was characterized by
localized areas of degeneration and necrosis randomly
scattered throughout the entire length of the proximal
convolution, so repair by progressive cellular pro-
liferation was observed widely distributed at the seats
of local damage. The immediate effect was a conse-
quent variation in the regenerative growth of surviving
cells; and the final result was seen in the distortion of
the convolutions which so modified their original sym-
metries as to appear as anomalous configurations. The
general effect throughout the kidney can be sum-
marized as a mixture of progressive structural increases
(cellular regeneration, hypertrophy and hyperplasia)
and regressive decreases (atrophies). The two extreme
structural types of abnormal convolution to which
these alterations may lead are shown in Plates H and
VII. A normal nephron is shown in Plate I for com-
parison.
The one (Plate II) is an atrophic wisp of narrow
tubule which has lost the characteristic complexity of
its cortical coils and in which no sharp demarcation
can be made between pars convoluta and recta. Its
epithelial cells are minute, flattened and heavily
stained with dense small nuclei which are surrounded
by a meager cytoplasm sparce in intracellular organ-
elles, but which often is filled with a dusting of very
fine fat droplets. Its attached glomerulus is normal in
contour and of normal or somewhat lessened di-
ameters; the tuft appears densely opaque and the
capsular space is collapsed.
By contrast, the varied distortions which progressive
reparative growth can produce in the damaged con-
volutions are shown in Plates IV through VIII; a
general description is applicable to all as they form a
definitive type of abnormality which is characteristic
of all types of chronic renal disease.
The glomerulus does not usually appear greatly
changed; the capsular space may be visible (Plate III),
or is at times greatly dilated with compression of its
lobulated tuft (Plate V). The convolution begins as a
short stretch, (1 to 2 mm) of normal diameter, its
cellular components well preserved with mitochondrial
rodlets intact, and a patent lumen of the usual di-
ameter; the impression is given that this portion had
escaped toxic damage and is covered by its original
epithelium (Plates II and VII).
There then follows a stretch of several narrow,
straightened coils of tubule which present a marked
atrophy with a barely visible lumen enclosed by a low
cuboidal epithelium, the cells of which contain little
evidence of intracellular apparatus and a sprinkling of
fine fatty droplets (Plate VII). The total length of the
segment thus affected may run to 2 or 4 mm, perhaps a
quarter of the entire length of the convolution.
A sudden, abrupt increase in tubular size then oc-
curs, its diameter up to four times its normal measure-
ment; the luminal space is widely open and free of
coagula or detritus; micropuncture of such tubules
showed that they contain fluid, and sampling from
more distal portions of the convolution indicated that
the flow through them has not been entirely stopped.
The epithelial wall is composed of up to three or four
layers of large irregularly configured cells with en-
larged nuclei, at times heaped in such excessive number
that they protrude into the lumen.
Some estimate of the degree of this hyperplasia can
be obtained by counting the number of nuclei that
appear in the optical plane of the photographs on a
transverse line at right angles to the course of the
tubule and comparing it with the number [6—8] that
occur in a cross-section of a normal convolution. Up
to 24 were thus visible; how many more cells lay in-
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visible in the thickness of the tubule wall outside the
optical plane of focus can only be surmised (Plate VII).
Such hyperplastic and hypertrophied segments may
extend a variable length of the convolution; at times
they are limited to a few millimeters and produce a
bulging cyst-like deformity which is followed by an
atrophic stretch as previously described, and the hyper-
plasia appears again as the convolution proceeds into
the pars recta.
This terminal medullary structural segment of the
convolution shows the hyperplastic enlargement most
consistently and to the greatest degree and so forms a
striking configuration that stands out among the
variously affected tubules as an easily recognized ob-
ject as it passes by its narrowed tip into the descending
thin limb of Henle's loop (Plates VII, VIII).
The capillary-like descending limb of the loop can
rarely be isolated unbroken by microdissection,
mounted, stained and photographed, but it can be fol-
lowed visually and registered in camera lucida tracings;
other than compression, or at times some dilatation,
little change occurs in its cellular components.
After turning the bend the ascending limb of the
loop proceeds towards the cortex with no distinctive
cellular changes except localized atrophies and dila-
tions, resulting apparently from compression by the
contiguous distorted and dilated terminal partes
rectae of the proximal convolutions with which they
are intermingled in the outer zone of the medulla.
Extending back down into the inner zone, they may
form sheaves of widened lumens of tubules enclosed by
walls so thinned by distension as to be almost invisible.
There is no evidence of cellular proliferation (Plate VI).
The distal convolutions and the connecting tubules,
some of which are present on the surface of the kidney,
are also relatively passive in their reaction (Plate VI).
As could be seen in vivo, they are obscured and com-
pressed by the exuberant surrounding coils of the
hyperplastic proximal convolution to which they are
connected; irregularity of contour and moderate dila-
tation is the result, with little or no reaction of their
cellular components.
In even the most enlarged and deformed of the kid-
neys, the papilla retained to a considerable degree its
normal contours, and the collecting ducts throughout
it from the inner stripe of the outer zone to the ducts
of Bellini at its tip, their normal configurations; there
were occasional hyaline casts in their undeformed
lumens.
Nephronic dimensions in the abnormal kidney. As
Sperber's examination by microdissection of some 140
species has shown [12], in the normal kidney of mam-
mals there is a certain symmetry of architectonic
pattern and constancy of nephronic configuration
which makes it possible to measure in absolute terms
the size and number of its various components and to
express these data in conventional statistical terms as
means and ranges, with standard deviations and
frequency distributions. As such quantitation of
structural alteration has afforded an opportunity for a
correlation with quantitative functional measurements
[13, 14], it might have been expected that both aspects
(structural and functional) of the altered nephrons
could, similarly, be compared in the chronically in-
volved abnormal kidneys of our experiments. Diffi-
culties, which had in fact been foreseen for all patho-
logical situations [15], precluded any such direct
correlation.
There is first the problem of adequate statistical
sampling in such a heterogeneous population, but,
more importantly, the further complication that not
only does each element (nephron) vary in size from
another but each has become in itself an anomalous
configuration; any single one of its several components
(the proximal convolution, for example) differs so
greatly in the dimensions of its altered constituent
parts (pars convoluta and pars recta) as to be no
longer a comparable morphological entity which can
serve as the unit of statistical treatment. In normal men
and dogs it is the mass of the proximal convolutions
which best correlates with the functional capacity of
the kidney to reabsorb glucose [13, 14], and for this
datum the diameter of the tubule is required, a clearly
impracticable measurement in the present case, es-
pecially so as a correction would be required for the
greatly and irregularly dilated lumen which is en-
closed by its uneven hyperplastic, thickened wall.
One dimension of the abnormal nephron is, how-
ever, measurable—the length of the total proximal
convolution (pars convoluta plus pars recta)—and this
is a datum which may be useful in comparison with
such functional quantitations as transit times of
tubular fluid flow and proximal fractional water re-
absorption. Fig. 6 presents the measurements of a
random selection of 204 nephrons from 22 experi-
mental rats at the period of maximum structural
change (28 days) as compared to normal control ani-
mals of the same age. As shown, there was an increase
of some one-third in this the one measurable dimension
of their proximal convolutions, the average length
being 15.0±2.1mm as compared to 11.3±0.5mm in
the controls. An even greater contrast is seen in the
variability of this increase, the range of total length
being 6.9 to 24.6 mm in the damaged kidneys as com-
pared to 8.1 to 14.1 mm in the normal controls.
It will be noted in the extended range of proximal
lengths of Fig. 6 that, although all 22 experimental
kidneys show varying increases over that of the maxi-
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Fig. 6. Mean and range of proximal length in 22 experimental rats
compared to values in eight control rats.
mum of the controls, one-half [11] of these kidneys
contain convolutions of less than normal mean length
and the shortest of all convolutions (6.9 and 7.2 mm)
were found in the largest, i.e., the most severely
affected kidneys. On the other hand, Plate II illustrates
a very long but atrophied convolution and emphasizes
the heterogeneity of configuration due to the final
effect of regressive atrophy on earlier progressive in-
crease in length that can occur in the same convolution.
Some objective evidence of the relation between the
two fundamental alterations of regression and pro-
gression in the convolutions was attempted by counts
of the number present in each category, i.e., atrophied
(Plate II) or hyperplastic (Plate VII), in the more
severely affected, larger kidneys at 28 days. Random
counts of the two classes of convolution, showed a
rough balance between the two phenomena of growth
and regression. For example, in one kidney of 344
randomly selected nephrons, 167 (48%) could be
classed as atrophied and 177 (52%), hyperplastic; in
another kidney, 57 (22%) were atrophied and 204
(78%), hypertrophied. In the moderately enlarged
kidneys where a sharp distinction between the two
classes of nephrons could not be so clearly made, all
the convolutions fell into a single range of varying
dimensions.
2) Functional alterations. Transit lime (TT) of tubular
fluid in normal and damaged nephrons. In an area of the
__________
kidney surface suitable for micropuncture, two or
5 6 three proximal convolutions were chosen at random, a
diagram of them drawn and their TT's measured. The
time of first appearance of lissamine green in early
proximal convolutions following intravenous injection
was comparable in normal and functioning damaged
nephrons. However, the TT to the more distal portions
of the proximal convolutions was increased in
damaged kidneys. In experimental rats proximal TT's
frequently exceeded 15 seconds, the upper limit of TT
to last visible proximal convolutions in normal, non-
diuretic rats. The range of TT's to randomly chosen
proximal coils with various locations along the
proximal tubule in normal and experimental rats is
shown in Fig. 7. The range of values was markedly in-
creased in damaged kidneys and varied from 3 to 111
seconds.
The TT of tubular fluid from proximal convolutions
10
Transit time, secoiids
Fig. 7. Transit times to ran-
domly located proximal coils in
normal and damaged kidneys as
determined by the lissamine
green method.
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recoveries are shown on the left side of the figure and cumulative recoveries on the right, The stated transit times (TT) are from the
point of puncture to the renal pelvis and do not include passage time through the ureteral catheter. The black bars on the abcissa show
the duration of microinjection.
to the renal pelvis in five damaged kidneys was
measured during osmotic diuresis by the tubular
microinjection of labeled inulin [8]. In 12 damaged
nephrons TT's ranged from 55 to 289 seconds and
averaged 126 66 seconds. The average value is greatly
prolonged compared to averages of 50 and 71 seconds
found in two comparable studies on normal rats [8,
161. The variability in TT and the pattern of urinary
recovery of inulin was much more variable than in
normal nephrons (Fig. 8). There was complete
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Table 6. Microdisseclion and functional determinations on damaged nephrons studied by microdissection
Nephron
No.
Glomerulus Pars conrulta Pars recta Cellular
repair
second
Total
proximal
length.
Site of
puncture,
%proximal
Transit time
to site of
puncture,
Transit time
beyond Site
of puncture,
Inulin
recovery,
%to beyond first
puncture puncture half half mm seconds seconds
site site
2.96 g kidney
I small thin thin HPL+ + HPL+ + excellent 16.51 34 5 121 97
2 very small atr. air. }tPL+ + HPL+ + poor 12.56 63 indeterm. m 0
3 thick cap. coils+ + coils+ bulges IIPL+ + excellent 15.11 52 14.5 211 99
4 normal fragile fragile small
2.44 g kidney
normal fair, var. 14.65 47 Il 98 99
5 thick cap. normal coils+ dilated HPL+ good 12.55 50 10 58 101
6 thick cap. normal normal normal HPL+ excellent 15.35 38 6 79 99
7 thick & dil.
cap, normal normal normal HPL+ good 14.65 43 12 69 100
2.3! g kidney
8 very small dialted &
thin wall
dilated &
thin wall atr. atr. poor 10.69 68 indeterm. w 0
9 thick & dil.
cap, normal HPL+ atr. atr. poor 11.62 53 indeterm. cc 0
2.74 g kidney
10 dil. normal bulges small dilated — 18.83 13 2 141 96
11 normal normal bulges bulges bulges good 17.67 33 9.2 99 105
2.20 g kidney
12 dii. cap. coils+ + HPL+ + IIPL+ + normal fair 17.44 52 12.7 289 99
13 normal normal bulges bulges normal good 15.58 41 13 102 100
(99 2%) recovery of inulin-3H in serial urine col-
lections from the punctured kidneys except in the
three experiments still to be described. In no experi-
ment was radioactivity detected in the urine from the
contralateral kidney. Following microinjection in
three damaged proximal tubules no significant radio-
activity was found in urine from either the left or the
right kidney. In these tubules injectate was seen to
enter convolutions proximal and distal to the site of
microinjection, but flow down the tubule was ex-
tremely slow or imperceptible. Several proximal
convolutions remained thus filled with injectate for the
entire period of observation, 30 minutes. These TT's
were labeled "infinite" and are not included in the
average value of inulin TT's.
Table 6 shows the relation between structural
alterations and TT in 13 of the 15 nephrons which were
examined by microdissection; silhouettes of five of the
damaged nephrons are shown in Fig. 9. There was a
wide variety of structural changes. In the three ne-
phrons without tubular flow, morphological changes
were predominantly regressive in nature, i.e., atrophy
of pars convoluta or recta, marked decrease in
glomerular size in two nephrons and poor cellular
repair. In contrast, TT's were in the normal range in
three nephrons with good or excellent cellular repair
and with minimal morphologic changes. In the other
nephrons TT's were variably increased; this increase
related to the degree and nature of structural reaction.
The longest TT's were found in nephrons with marked
hypertrophy and hyperplasia which resulted in in-
crease in proximal length and diameter and increase in
number of tubular coils.
Single nephron glomerular filtration rate (SNGFR).
SNGFR was measured in 46 damaged and 19 normal
proximal convolutions (Table 7, Fig. 10). The mean
value was higher in the damaged nephrons. This should
not be interpreted to indicate that the mean SNGFR
of all nephrons in a damaged kidney was necessarily
higher than normal, but rather as evidence of the
marked heterogeneity of their functional activity. Any
unrecognized bias toward collection of tubular fluid
from larger tubules with high flow rates, in which
micropuncture is technically easier, would spuriously
elevate the average value. For this reason we consider
the range of values to be more meaningful than the
average.
As shown in Fig. 10 heterogeneity of SNGFR was
much greater in damaged nephrons, in which the values
ranged from 7 to 147 nl/min; in normal nephrons the
range was from 19 to 58 nl/min. In some damaged
nephrons filtration was absent. SNGFR variability
was less in the moderately damaged kidneys, i.e., those
with the highest GFR per gram of kidney weight.
Heterogeneity of SNGFR could be noted as due to
differences in filtration rate among the nephrons in
individual damaged kidneys and was not a function of
variance between kidneys consisting of nephrons all of
which had filtration rates in a given range.
Attempts were made to correlate the morphologic
characteristics of individual nephrons by micro-
dissection with the filtration rate of that nephron. Al-
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Fig. 9. Camera lucida tracings of the
silhouettes of a normal and five of the
damaged nephrons studied by micro-
injection. The nephron numbers
correspond to those presented in
Table 6.
Table 7. Single nephron glomerular filtration and tubular flow rates, absolute water reabsorption and reabsorptive
capacity in proximal convolutions
13
Control rats Experimental rats P
SNGFR, nI/mm 34 11 (N= 19) 51 32 (N= 46) <0.05
Tubular flow rate, nI/mm 18 7 (N= 19) 29 19 (N=46) <0.02
Absolute H20 reabsorption, nl/min/mnz 3.2±1.9 (N= 18) 3.5 2.6 (N= 32) NS
C/irr2 0.0913±0.0516
(N= 19)
0,0461 0.0247
(N=45)
<0.001
SNGFR= single nephron glomerular filtration rate. Values are means Sn,
though the glomerulus was very small in one nephron
with a very low filtration rate, 7 nI/mm, the glomerulus
was of normal size in two other nephrons which also
had very low filtration rates, 8 nI/mm. Overall, no
close correlation was found between SNGFR and
estimated glomerular surface, proximal cell volume or
proximal tubular length.
Tubular reabsorption of water. Tubular fluid was col-
lected from random proximal coils which were con-
sidered satisfactory for micropuncture in order to
12
9 Normal
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Fig. 11. F/P inulin ratios as a function of the percent of proximal
tubular length in normal and damaged nephrons.
measure flow rate and water reabsorption along the
entire accessible portion of the proximal convolution.
No attempt was made to puncture distal convolutions
which were identified with difficulty on the surface of 10
the damaged kidneys.
Tubular flow rates were also more heterogeneous in
damaged than control nephrons. They ranged from 1 Damaged.
to 89 nI/mm in the former, and from 8 to 42 nI/mm in Control.
the latter. The average tubular flow rate was higher in 5
damaged nephrons (Table 7).
The fluid to plasma (F/P) inulin ratios are plotted in
Fig. 11 against the locations of the puncture sites
recorded as percent of the total length of the proximal 3
convoluted tubule. The scatter of values appears
similar among the control and most of the damaged
nephrons. This similarity of fractional water reabsorp- 2
tion in altered nephrons occurred despite the great
variability of filtration rate in the individual nephrons.
The SNGFR was low in the nephron with the highest
fractional reabsorption, but was normal in the other
I I I Ithree nephrons with unusually high or low fractional i 2 3 4 5 6 7 8 9 10
reabsorption. Distance to puncture site, miii
In Fig. 12 the F/P inulin ratios are plotted as a
•
Fig. 12. F/P inulin ratios as a function of the length of the proximalfunction of the absolute distance from the glomerulus tubule from the glomerulus to the site of puncture in normal and
to the puncture site. It is apparent that at any absolute damaged nephrons.
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distance along the proximal tubule fractional reabsorp-
tion was generally higher in control than in damaged
nephrons. The greater length of damaged proximal
tubules is also apparent in this figure. The pars con-
voluta of normal proximal tubules has a total length of
only 6 to 7 mm and no punctures were located further
than 6 mm from the glomerulus in control tubules;
one-half of the damaged nephrons were punctured at a
greater distance than this from the glomerulus. The
similar fractional water reabsorption at the end of the
pars convoluta in damaged and control nephrons,
therefore, resulted from the greater length of this part
of the damaged tubules.
As shown in Table 7 the average absolute water
reabsorption per millimeter of proximal length to the
site of puncture was the same in control and damaged
nephrons. In individual damaged nephrons, however,
it varied widely and ranged from 0.5 to 13.8 nl/min/
mm; in normal nephrons the range was from 1.2 to
7.5 ni/mm/mm. The calculated [6] reabsorptive capa-
city (C/nr2) in damaged nephrons was only one-half of
the control value. This indicates that the average
luminal radius of the damaged proximal convolutions
from which fluid was collected was greater than in
controls, in agreement with both in vivo visual ob-
servations and dissected nephrons.
The fractional and absolute rates of water reabsorp-
tion in individual nephrons were compared with the
morphological characteristics of the same nephron.
In the great majority of nephrons repair of the epi-
thelium of the pars convoluta to the site of puncture
was so complete that it appeared normal or nearly so.
The principal morphologic abnormality in this seg-
ment of the tubule was the increase in length of the
pars convoluta. In certain nephrons, however, some
cells of the pars convoluta appeared either atrophied
or hypertrophied and/or hyperplastic. The pattern of
water reabsorption to the site of puncture in these
nephrons did not differ systematically from that in the
others.
Post scriptum
At the conclusion of our study (one to one and a
half years after the first injection of the two toxic
agents), six survivors remained of the original group of
experimental animals; three were found dead and the
others two were killed. The body and kidney weights
are shown in Fig. 13. No functional studies were
performed.
It will be noted that, although KW's remained high
(± 4.0 g), their dispersion is in marked contrast to
those of the hyperplastic phase at one month, and that
relative to BW, which had also increased with age, the
ratio of milligrams of KW to grams of BW had fallen
to that of the normal controls of the same age.
The kidneys of these late survivors were grossly
similar to those of the hyperplastic period at one
month and microdissection showed the same hetero-
geneous varieties of configuration in their distorted
nephrons. Histological sections, however, revealed a
significant difference; whereas in the abnormal kid-
neys at one month, arteries and glomeruli had shown
little or no alteration, in the kidneys at one year or
more, they presented both the typical intimal fibrous
thickening and obliteration of tufts that are charac-
teristic of all chronic renal involvements. Such changes
were not observed in the kidneys of the control
animals of similar age.
The question thus arises as to what might have been
the ultimate renal status in our experiments: could
they have ended with a compensatory "healing" by
the restoration of normal renal balance of KW to BW,
or was the final episode to be one of a "secondary
contraction" of a previously "large kidney?"
Discussion
Our earlier studies [1—3] of kidneys and their con-
stituent nephrons damaged by renal poisons were
made on a model completely different from the present
one. Those kidneys, studied three or seven days after
the administration of either dichromate or sublimate,
were characterized by their homogeneous population of
abnormal nephrons; in each kidney there was a re-
markable similarity in the location and extent of
necrosis and repair in every nephron. In respect to
nephronic homogeneity, the earlier model compared
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Fig. 13. Kidney and body weights of experimental rats at
various intervals of time following injection of the nephrotoxins.
Values for time-matched control animals are also presented.
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more closely to the normal kidney where each nephron
resembles its neighbor to a reasonable degree both in
general configuration and in its various dimensions.
The most striking structural feature of the present
experiments performed three to four weeks after in-
jection of both toxic agents was the extreme hetero-
geneity of nephronic morphology in the damaged kid-
neys; thus, the major goal of our experiments was
achieved in the production of an analogous renal
status to that which prevails in chronic human renal
disease [17]. The general features of the structural
alterations in the individual nephrons can be sum-
marized as a combination of regressive decreases
(necrosis, atrophy) and progressive increases (re-
generation, hypertrophy and hyperplasia) affecting the
proximal convolutions either entirely or, more spec-
tacularly, in a localized subdivision of this segment of
the nephron. The most severe regressive change
(necrosis), which was so prominent at three days, had
disappeared in the general aspects of the reparative
process.
There are, thus, available for experimental com-
parison three types of nephronic populations: the
normal, homogeneous in its structural pattern and
with great functional reserve capacity; an acutely
damaged population, equally homogeneous but func-
tionally reduced to the point of acute renal failure [3];
and the presently described heterogeneous population
in which the reparative process had been achieved by
various structural and functional modifications of the
individual nephrons.
The difference between the two examples of ab-
normal populations can be explained by the different
nature of the original insult which led to their occur-
rence; in the earlier experiments following the adminis-
tration of either dichromate or of sublimate alone, the
necrosis of the tubule was complete and was limited to
the pars convoluta or to the pars recta, respectively,
and all the nephrons were affected. In the present
experiments the injection of both toxic agents had
sufficiently disturbed the normal functional patterns of
tubular activity so as to produce in different nephrons
a random scattering of damage throughout the entire
convolution. In some nephrons either the pars con-
voluta or the pars recta escaped the brunt of this
diffuse damage so that the origin and course of the
reparative processes of necessity varied.
The obvious gross characteristic of these damaged
kidneys was the increase in their size; chemical analy-
sis showed that this was not due to accumulation or
"infiltrations" of water or lipid, since in these regards
the increased weight had the constitution of normal
renal tissue. Associated with this increase of up to six
times the normal renal mass was a decreased rate of
filtration, especially when calculated per gram of KW,
and a consequent moderate elevation of blood urea
nitrogen (BUN).
Our interpretation of these relations was that the
early regressive lesions seen at three days produced by
the administration of the two nephrotoxins had
diminished the excretory capacity of the kidney and,
so, presumably served as a stimulus for compensatory
growth in the surviving portions of the damaged
nephrons. The most manifest feature of this adaptive
reaction was the increase in size of those portions of
the proximal convoluted tubules which had escaped
in part the original damage; both the pars convoluta
and the pars recta were thus involved, but especially
the latter.
This exaggerated reaction on the part of the pars
recta in the reparative processes of renal restitution
affords more information and a new aspect concerning
the predominance of the proximal convolution in the
activities of the mammalian nephron. It was the first
to reveal by microdissection and micropuncture its
role, which is dominant, in the pinocytotic uptake of
vital dyes [18] and, later, in its capacity to reabsorb
most of the glucose, sodium and water filtered at the
glomerulus [19, 20]. All this is for practical purposes
accomplished in the first part of the convolution, the
pars convoluta, leaving the terminal part, the pars
recta, with apparently little to do in these regards. The
pars recta, therefore, serves as a functional reserve of
great potential.
In the present state of uncertainty concerning the
mechanisms by which the renal tubule normally
"handles" the constituents of its contained fluid (by
reabsorption or secretion), no explanation need be
expected of how it performs these mysteries in states of
differential damage. Certain reciprocal relations have,
however, been demonstrated in our earlier study of
the effects of two toxic metals on the secretion of
PAH [3].
1. Necrosis following dichromate administration is
limited to the pars convoluta: all the nephrons of the
kidney are affected and the PAH/In ratio is markedly
decreased in fluid collected from this portion of the
tubule. The PAH/In ratio is normal, however, in
tubular fluid from the distal convolution.
2. Necrosis following sublimate occurs in the pars
recta and has no such effect on the PAH/In ratio al-
though all the nephrons of the kidney are involved.
3. During the first seven days of recovery from
chromium damage, the originally unaffected and still
viable pars recta visibly grows in diameter and length
and in the complexity of its medullary undulations,
while the former necrotic pars convoluta is still barely
covered with a flat, immature epithelium [Ref. 3, Fig.
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25, p. 699]. We concluded that secretion of PAH by the
pars recta of the proximal tubule became apparent
when the pars convoluta was necrotic. In our present
long-term experiments of 30 days when the ex-
uberant hyperplasia of the pars recta was so promi-
nent, TmPAH was restored to its normal level and, in
the presence of a lessened GFR, had shifted the kidney
into a state of tubular predominance.
In naturally occurring human renal disease, further
evidence is found of the special adaptability of the pars
recta to increased functional demands. A glance at the
multi-various configurations of the abnormal ne-
phrons in all forms of chronic renal disease [Ref. 17,
Plate I to XXIII] will show that to some degree the
basic pattern of an hypertrophied, tortuous pars recta
persists despite regressive changes in other parts of the
nephron. All this is visible in the histological section
but is not accurately identified unless placed side by
side with the dissected specimens [Ref. 17, Fig. 37a—b,
p. 123; Fig. 58a—b, p. 179, et all. Moreover, in the
chronic renal lesion of the dog, vital staining has re-
vealed [21, Plates 6, 71 not the "chaotic alterations"
that some have misread into descriptions of what is
visibly apparent as an exquisitely well-ordered balance
between functional-structural increase and structural-
functional decrease in the reaction of the altered con-
volutions to the disease process.
Also contributing to the overall size of the kidneys
was the fact that there was little evidence of a physical
disappearance of nephrons from the kidneys. To the
contrary, there was a demonstrable persistence of non-
functioning nephrons, including those in which the
entire proximal tubule was atrophied to an extreme
degree. Taken together these two factors, the persis-
tence of "impotent" nephrons and the hyperplastic
growth of individual proximal convolutions seem an
adequate explanation of the increased size of the
somewhat functionally inefficient kidneys. Thus, our
model represents an example of adaptive growth with
decreased efficiency which is not unusual in the pro-
cesses of all diseases. In other more normal examples
of "compensatory" adaptive renal growth, such as
after uninephrectomy where no toxic factor is present
the mass of kidney tissue may be less than normal at a
time when functional ability has been almost fully
restored so that GFR is characteristically greater when
calculated per gram of KW [22].
Relevancy of the experimental renal status to the con-
ditions of human disease. Although we have no illusion
that "chronic glomerulonephritis" of the precise type
seen in the kidney of man has been reproduced, the
morphological changes in the individual abnormal
tubules in our model are quite similar to those
described several decades ago in a variety of human
chronic kidney syndromes that may be classified under
the general rubric of "chronic Bright's Disease" [17].
Extreme structural nephronic heterogeneity is charac-
teristic of both so that in this regard our model is a
close morphologic counterpart to naturally occurring
human disease. In contrast to the diseased human kid-
ney, however, there were few if any vascular changes in
these chemically damaged rat kidneys at 28 days.
This lack of significant vascular lesions, and the
shorter time at which our observations were made,
presumably accounts in part for the discrepancy in
kidney size of our model when compared with the
terminal "contracted kidney" of human chronic
Bright's disease. It is the obliteration of glomerular
capillaries, as in various forms of human glomerulo-
nephritis and diabetic glomerulosclerosis, and the
arteriolar lesions in nephrosclerosis leading to a con-
tinuing ischemia in the involved areas, which is pre-
sumably a major factor in the atrophy or disappear-
ance of nephrons from the diseased kidney, and, hence,
its eventual small, irregular contracted and granular
appearance. The destructive and inflammatory re-
action to the disease process with eventual scar
formation also participates in this process.
The enlarged kidneys we studied are, therefore,
more analogous to the large swollen kidneys in the
earlier phases of renal disease, which at one time were
considered to be a specific variety of Bright's disease
under the title of the "large (white or variegated)
kidney" of "parenchymatous nephritis." Our few
observations on rats which were allowed to survive for
a year or longer following the administration of the
two metals suggest that they, too, may eventually
become smaller and that involvement of the vascular
system is a factor in this final episode of the "secondary
contracted kidney" of terminal renal disease.
As to "clinical" similarities, we have remarked upon
the functional similarity in our experimental rats to the
clinical condition of patients in the "latent periods" of
chronic glomerulonephritis as described by Addis
and Oliver [23].
Correlation of structure and function. The structural
evidence of tubular predominance in the kidney,
primarily due to hyperplastic growth of the proximal
pars recta, correlated closely with the functional evi-
dence of maintained tubular secretory ability. The
TmPAH/GFR ratio was increased above normal
indicating a shift toward functional tubular pre-
dominance, as is found following the loss of nephrons
by subtotal nephrectomy [24] and that which occurs
during certain stages of naturally occurring progressive
renal disease [25].
Not unexpectedly, because of the great variety of
structural changes even in a single proximal con-
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volution, correlation of structure and function at the
level of the individual nephron was more difficult to
ascertain, but was also evident. In most of the proximal
convolutions from which fluid was collected for inulin
determination, the regenerative process was far ad-
vanced and the epithelium could be seen to be well re-
paired at any given location along the tubule to the
site of micropuncture. A striking morphological
finding was the increase in length of the convolutions.
The normal fractional water reabsorption as a percent
of tubule length correlated well with this morpho-
logical observation, as did the demonstration that the
average water reabsorption per millimeter of tubule
length was the same in both control and repaired
nephrons.
The major structural abnormalities were observed
most frequently in that section of the proximal tubule
inaccessible to micropuncture, i.e., the pars recta, and
one can therefore expect little direct evidence of these
changes in functional studies pertaining to more
proximal parts of the convolution. The function of the
more distal portions of the abnormal nephron, in-
cluding the pars recta, was studied with the micro-
injection technique. Determinations of the transit time
of tubular fluid from the pars convoluta to the renal
pelvis showed excellent structural-functional correla-
tions in individual nephrons despite the wide variety of
structural changes. There was absence of flow in those
nephrons with marked regressive atrophic change,
normal transit times in nephrons with minimal mor-
phologic changes and variably increased transit times
in the others, which correlated with the extent of the
compensatory morphologic reactions. As might be
expected, the longest transit times were found in those
patent nephrons with large hyperplastic bulging pars
rectae. Their increased luminal surface area may pre-
sumably be a factor in their capacities for transtubular
transport.
Functional changes and their implications. Hetero-
geneity of rates of function in individual nephrons was
the striking and characteristic feature of this study.
This was demonstrated for the velocity of tubular flow
in both the proximal convoluted tubule and in the re-
mainder of the uriniferous tubule, and for the filtra-
tion rate in individual nephrons. Even more interesting,
however, is the fact that fractional reabsorption in
structurally altered proximal convolutions generally
showed no more variation than among proximal con-
volutions of normal control kidneys. In view of the
great differences in SNGFR, this obviously means
that there were great differences in rates of water
reabsorption in individual, altered proximal tubules.
This diversity is magnified when water reabsorption
per millimeter of tubular length is calculated, because
of the very low filtration rate in some very long,
abnormal proximal convolutions.
The mechanism for the maintenance of apparently
normal glomerulotubular balance for salt and water in
damaged nephrons is not apparent, just as it is not
understood in the normal kidney. Since glomerulo-
tubular balance was maintained in nephrons function-
ing at various absolute rates of transport, some
mechanism which operates at the level of the in-
dividual nephron must have been responsible. If
physical factors were responsible, variation in rates of
glomerular blood flow with constant filtration fraction,
constant blood flow with variable filtration fraction or
some combination of these two could be the operative
mechanism. In either event this would require that the
blood filtered in a given glomerulus must then perfuse
the peritubular capillaries around the pars convoluta
of that tubule. Although this relation may hold for the
superficial nephrons [26, 27], the arrangement between
blood flow to a glomerulus and its tubule probably
varies with the position of the nephrons in the cortex;
those of the juxtamedullary region sending their
efferents downward into the medulla. Alternative
explanations that are currently in vogue would include
some type of "feedback" mechanism in individual
nephrons, such as one operating through the juxta-
glomerular apparatus, or some more direct cause of
flow-dependent reabsorption.
The variable rate of reabsorption in individual
nephrons seems to rule out the possibility that con-
stancy of fractional reabsorption is determined by a
circulating natriuretic factor unless for some reason
individual tubules show varying degrees of sensitivity
to such a substance. This does not mean that a
natriuretic substance may not play an important role
when more severe reductions of GFR necessitate a
change in proximal fractional reabsorption in order to
maintain salt and water balance. Interestingly,
constant fractional water reabsorption in the proximal
tubule, despite variations in SNGFR, was also a
prominent feature in rats with chronic immuno-
logically-induced glomerulonephritis studied by
Allison, Wilson and Gottschalk [28] and in a recent
study of rats with acute immunologically-induced
glomerulonephritis by Rocha, Marcondes and
Malnic [29].
In summary, in our animals with chronically
damaged kidneys, there was a close correlation be-
tween structure and function at the level of the in-
dividual nephrons and, thereby, in the total system
which constitutes the kidney. As suggested by the
diversity of morphological changes which they had
undergone, the rates of physiological processes, in-
cluding SNGFR, velocity of tubular flow and rate of
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reabsorption of salt and water were highly variable in
individual nephrons of the same kidney. Yet, as re-
required for overall preservation of body fluid
homeostasis, fractional reabsorption of salt and water
in the damaged nephrons was appropriate for the level
of filtration, a pattern of functional-structural adapta-
tion in the diseased kidney long recognized as essential
for survival.
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Plate I. Glotnerulus and proximal convolution from a normal control animal at time of micropunctare. Arrow indicates junction of pars
convoluta and pars recta. Note the number and even distribution of the epithelial nuclei throughout the convolution. Magnification is
the same in all plates; the lower power showing the entire convolution, circa >< 50, and the inserts showing detail at the original magnifi-
cation of x 190.
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Plate H. A convolution at 3/ days cifter injectian af the twa taxic agents shaws an atraphy throughout the entire length af its pars convoluta
and pars recta. No lumen is visible in a great part of the tubule, its epithelial cells are minute (see normal control of Plate 1) and sprin-
kled with a very fine dusting of fat droplets. Despite this appearance of an "impotent" nephron, the glomerulus with its afferent vessel
(out of sharp focus) appears unchanged.
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Plate III. Extreme and irregularly scattered atrophy which illustrates the random distribution of the original necrosis that was visible on the
third day of the experiment. The capsular space of the glomerulus is somewhat dilated; the immediate break-up of its efferent vessel into
the general capillary network is apparent. At the arrow the attempt at micropuncture has disturbed the surrounding interstitial tissue and
disrupted the tubule; no sample could be obtained from its obturated lumen.
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Plate IV. A typical example from a somewhat earlier stage of the experiment (14 days). The glomerulus is somewhat enlarged and the
capsular space dilated and extended to form a necklike configuration. The first one-half of the pars convoluta is of normal diameter and
its epithelium presents a fairly normal cellular pattern which stains with a moderate intensity; the second half of the pars convoluta (to
the arrow) is twice its previous normal diameter and is stained deeply from the presence of its proliferating epithelium. The descending
pars recta shows irregularly dispersed stretches of atrophy which appear to represent the scattered original necrosis at three days (see
Fig. 1), and isolated islands of hyperplastic thickening.
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Plate V. Another early stage (/4 days) of the reactive processes in the proximal convolution. The glomerulus has four times the volume of
the normal control; the Bowman's space is greatly dilated and its lobulated tuft compressed. The first one-half of the pars convoluta
stains intensely from cellular proliferation; there follows the disruption at the site of puncture (in part due to the technical difficulties of
mounting and staining the specimen) and from here on the second one-half of thepars convoluta and all of the pars recta (their junction
at the arrow) show a widely dilated lumen the distension of which thins the tubule wall but fails to obliterate the irregularities of its
deeply stained hyperplastic epithelium.
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Plate VI. Az 21 days after injection; from a glomerulus of normal size, a greatly hypertrophied pars convoluta of ever-increasing diameter
passes to the pars recta (arrow) which is dilated and contains oil droplets from the inicropuncture (site invisible behind the densely
stained oil of tubule at the upper middle). All but the terminal undulations of the pars recta are distended from the arrest of luminal
flow caused by the oil blockage, yet its wall remains thickened from the proliferation of its epithelium. In the insert the ascending limb
of Henle's loop, the distal convolution (barely stained) and the connecting tubule (a part of the nephron, not the collecting system [Ref.
Ii, p. 3] appear normal. Other than passive dilatation with no cell proliferation, this was regularly the case in the late experiments.
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Plate Vii. An example of the fully developed compensatory combination of atrophies and hyperplastic hypertrophies in the proximal con-
volution at 25 days. The glomerulus is of normal appearance. The first third of the pars convoluta has its original normal diameter and
stains heavily; there follows through its middle third an extreme atrophy with faint staining of its meager cells while its terminal third
suddenly increases to twice its normal thickness, deeply stained by the visible hyperplasia of its cells. The entire pars recta shows an ever
more intense hyperplastic growth combined with a great increase in its luminal space which throws an originally cylindrical tubule with
simple undulations into a series of jrregular bulgings. As can be seen in the insert, this increase in the mass of the tubule is due to a
marked hyperplastic proliferation of its epithelial cells: some 30 can be counted in the fixed focal plane of the photograph as compared
to the 4 or less in the normal convolution of Plate I.
Plate Vu. The terminal one-half of the pars recta in the oater zone of the medalla at 32 days after the injection of the toxic agents, The
specimen was deeply stained to show the massive bulgings of hypertrophied tubule as they are isolated from each other by narrowed
restrictions to form the configuration commonly seen in the late stages of human chronic Bright's Disease. For this comparison, their
appearance in both histologic sections and as dissected specimens, see Ref. 17, Figs. 37a and 37b, p. 122—3, or in Plate III, Fig. 20, 21,
26 and 27 et al.
